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Tubular stress test detects subclinical reduction in renal
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Tubular stress test detects subclinical reduction in renal func- on those remaining operative, it is reasonable to assume
tioning mass. that the functional reserve of the kidney is diminished
Background. To develop a test that would disclose subclini- and eventually lost before other events in the naturalcal impairment in renal function, we studied the increment in
history of the progression of renal damage. However,tubular secretion of creatinine (TSCr) induced by intravenous
with respect to GFR, this attractive concept is negatedcreatinine administration.
Methods. Studies were done in 14 normal individuals, 7 kid- by the fact that the nephrons reduced in number are,
ney donors (KDs), and 11 transplant recipients (Tx), all of nevertheless, capable of increasing normally their filtra-
whom had normal creatinine levels (PCr ,133 mmol/L). Creati- tion rate. For instance, normal solitary kidneys [3–5] andnine infusion studies determined that maximal stimulation of
patients with azotemic chronic renal failure [2, 6, 7], ifTSCr resulted from PCr levels of 500 to 700 mmol/L. Therefore,
in the tubular stress test, clearances, urinary excretion of creati- stimulated with a protein load, are capable of increments
nine (UCrV) and TSCr were determined before and after (15 to in their resting GFR that are proportionally similar to
105 min) a single bolus injection of 88.4 mmol/kg body wt, those found in normal individuals.
which resulted in the target PCr levels. We have recently evaluated the functional reserve ofResults. Baseline determinations of PCr, UCrV, and TSCr were
the kidney by testing the tubular function rather thannot significantly different in the study groups. Stimulated UCrV
(nmol/kg/min) was higher in normals (426 6 82) than in KDs the GFR [8]. For this purpose, we examined the increase
(338 6 72, P , 0.05) and Tx patients (311 6 66, P , 0.01). in the tubular secretion of creatinine (TSCr) after a test
Similarly, TSCr (nmol/kg/min) was higher (P , 0.001) in normals meat meal already known to stimulate creatinine secre-(180 6 60) than in KDs (155 6 54) and Tx patients (86 6 35).
tion [9]. Those studies showed that while normal individ-Furthermore, the transplanted kidney responded worse than
uals were capable of triplicating their baseline levels ofthe solitary normal kidney (P , 0.05), despite having similar
levels of glomerular filtration rate (GFR). The tubular stress TSCr, the patients with moderately advanced chronic re-
test increased TSCr 11.3 6 6.2 times in normals, 4.3 6 1.2 times nal failure were unable to this raise TSCr in response to
in KDs (P , 0.01), and 2.5 times in Tx (P , 0.001). this challenge [8]. These findings are in keeping with theConclusions. Impaired tubular secretory response to a creat-
postulate that in chronic renal damage, the potential forinine load is a more sensitive index of reduced functioning
physiologic tubular overdrive is lost, presumably becauserenal mass than levels of PCr and GFR. The tubular stress test
may be useful in following the natural history of kidney disease the remnant nephrons are already functioning at maxi-
and the results of therapeutic interventions. mal capacity.
However, it is important to define whether the loss—or
reduction—of the stimulated secretory capacity for cre-
The increment of change in glomerular filtration rate atinine is an early event in the natural history of kidney
(GFR) resulting from an oral or intravenous protein load disease, which allows discrimination between normals
has been used to outline the concept of the functional and preazotemic patients. The clinical implications of
reserve capacity of the kidney [1, 2]. Since the loss of the validation of this possibility are obvious. To test
functioning nephron units imposes additional demands this hypothesis, we studied the response to intravenous
exogenous creatinine infusions and designed a simple
tubular stress test in which creatinine secretion is stimu-Key words: creatinine, tubular secretion, renal functional reserve, glo-
merular filtration rate, protein load, progressive kidney disease. lated by a single intravenous bolus of creatinine. This
test was evaluated in normal individuals, kidney donorsReceived for publication May 16, 2000
(KDs), and renal transplant recipients of similar age andand in revised form September 19, 2000
Accepted for publication September 22, 2000 normal serum creatinine (PCr) levels. Our results indicate
that normal individuals are capable of increasing 11 timesÓ 2001 by the International Society of Nephrology
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their resting TSCr without a change in GFR, while KDs in the study were receiving drugs that interfere with the
Jaffe reaction, such as cephalosporins or ascorbic acid,and transplant recipients have a 60 to 80% reduction in
and their urine was strip test negative for ketones.this capacity. Furthermore, transplanted kidneys, with
The Ethical Committee of the Department of Medi-presumably low-grade intrarenal inflammation, had lower
cine approved the protocol of the study.stimulated creatinine clearance (CCr) and TSCr values
than solitary healthy kidneys, despite similar GFRs.
General methodology
All studies were started between 8 and 9 a.m. The last
METHODS meal before the studies was eaten at 8 to 9 p.m. the
previous night. After this meal, only free water intakeNormal individuals, kidney donors, and
was permitted. Diuresis was stimulated by the initialtransplant patients
ingestion of 20 mL/kg of water and maintained by drink-Studies were done in 14 normal individuals, 7 KDs,
ing every 30 minutes an amount at least equivalent toand 11 renal transplant recipients. All individuals in the
the urinary output of the previous 30 minutes. Timedstudy had PCr levels under 133 mmol/L (,1.5 mg/dL). 30-minute urinary collections were taken with supervised
None had a history of voiding difficulties, and complete voluntary voiding; urine volume was immediately mea-
emptying of the bladder after voluntary voiding was doc- sured and a sample stored. GFR was determined by
umented by ultrasound sonography. Normal individuals either inulin clearance (CIn), as previously describedwere asymptomatic and had normal routine physical ex- [8, 11] or by the clearance of subcutaneous [125I]-iothala-
amination and normal routine hematologic (hemoglobin, mate. In the later studies, the procedure was essentially
white cell count, platelets) and biochemical (blood sugar, the same as reported by others [12, 13]: 30 mCi of [125I]-
uric acid, cholesterol) determinations and normal urine iothalamate in 0.05 mL saline solution with 0.02 mL of
analysis. Uninephrectomy in the KDs had been done 3 1:1000 epinephrine solution was injected subcutaneously
to 78 months previously. Renal transplant recipients had in the forearm at approximately 8 a.m. This dose resulted
their graft surgery done 4 to 164 months previously. The in stable serum cpm counts from one hour after injection
original renal disease in the transplanted patients was to at least four hours afterward. The ratio of [125I]-iothala-
nephrosclerosis associated with hypertensive cardiovas- mate clearance/CIn in 10 studies (CIn range between 91
cular disease (3 patients), type I diabetes mellitus (1 and 130 mL/min) was 1.03 6 0.12.
patient), chronic glomerulonephritis (3 patients), and un- The intratest variability of the GFR determination by
the [125I]-iothalamate clearance performed as describedknown (5 patients). Seven transplant patients were re-
previously in this article was estimated in the baselineceiving two-drug maintenance immunosuppression (aza-
(nonstimulated) data. The median intratest coefficientthioprine and prednisone), and four were receiving triple
of variation in the three successive 30-minute preloadimmunosuppression (cyclosporine A, azathioprine and
clearances (discussed later in this article) was 4.6% inprednisone, 3 patients, and cyclosporine A, prednisone
normals (mean 4.7 6 SD 3.17%), 4% in KDs (6.3 6and mycophenolate mofetil, 1 patient).
5.44%), and 3% in transplant patients (6.0 6 6.13%).Normal individuals were normotensive (blood pres-
[125I]-iothalamate was graciously provided by Dr. L.sure #143/80 mm Hg; mean of 3 resting blood pressure
Zayas from the Institute of Nuclear Medicine (Institutodeterminations with an automated registering device,
Nacional de Nefrologı´a, Havana, Cuba). Creatinine usedDynamapt, Critikon, Tampa, FL, USA), except one in-
in these studies was obtained commercially (Sigmadividual who had a resting blood pressure of 150/87
Chemical Co. St. Louis, MO, USA). Creatinine solutionsmm Hg. Six of seven KDs were also normotensive, and
were prepared in 5% dextrose and water sterile solutionsone had a blood pressure of 155/87 mm Hg. Three trans-
for intravenous use and passed through a single-use milli-plant patients were normotensive, and eight were receiv-
pore filter (sterile acrodisk 0.2 mm; Gelman Sciences Palling medication for control of arterial hypertension: nifed-
Corporation, East Hills, NY, USA) prior to administra-
ipine and atenolol (4 patients), apresoline and atenolol tion. No reactions were observed during or after the
(1 patient), atenolol (1 patient), and metoprolol (lopres- administration of these solutions.
sor; 1 patient). Three patients received furosemide
(20 mg orally daily), and this drug was withheld for Constant infusion studies
24 hours prior to the study. The patients who received Studies involving continuous intravenous infusion of
nifedipine stopped this drug for 72 hours prior to the exogenous creatinine were done in 12 normal individ-
studies to avoid a potential effect on the TSCr [10]. Drugs uals, one kidney donor, and five renal transplant recipi-
that block the renal response to a protein load, such as ents. The aim of these studies was to determine the
nonsteroidal anti-inflammatory medications, and drugs UCr/PCr and CCr/GFR ratios in a wide range of PCr levels.
that interfere with the TSCr, such as trimetoprin-sulfa- Veins on each arm were cannulated with Teflon cathe-
methoxasol and cimetidine, were not allowed for at least ters, one for intravenous administration and the opposite
arm for blood sampling. Loading doses of 88.4 mmol oftwo weeks prior to the studies. None of the individuals
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creatinine per kg body weight were followed in separate Plus; Ciba-Corning, Essex, UK), since previous studies
with oral creatinine loads had shown that ratios of “true”studies by constant rate infusions of 0.69, 0.34, and 0.23
(chromogen-free) CCr/autoanalyzer CCr were not signifi-mmol of creatinine per minute that were maintained for
cantly different from 1 [8].120 minutes. After 30 minutes were allowed for equili-
bration, two to three 30-minute clearance periods were
Calculations and statistical analysismeasured in each subject. Blood samples were taken
Inulin, [125I]-iothalamate, and CCr were calculated byat midpoint or bracketing the urinary collections. The
the standard formula (UxV/Px). The TSCr was estimatedloading dose was selected after trying loading doses of
by the difference between the urinary excretion of creati-8.84, 44.2, 88.4, and 133.5 mmol creatinine/kg body
nine [urine creatinine concentration (UCr) 3 urine vol-weight, and finding that the chosen loading dose pro-
ume (V)] and the filtered creatinine (GFR 3 PCr): TSCr 5duced PCr levels of 500 to 700 mmol/L, which were associ- UCrV 2 (GFR 3 PCr).ated with the highest CCr/GFR ratios (discussed later in The clearance of creatinine by secretion is CTSCr 5this article).
TSCr/PCr.
Clearances were expressed in mL/min and were cor-Tubular stress test
rected for 1.73 m2 surface area. The UCrV and TSCr wereTubular stress tests consisting of a single intravenous corrected for kg body weight.
load of creatinine were done in 14 normal individuals, The PCr concentration following a single bolus injec-7 KDs, and 11 renal transplant recipients. One hour after tion of creatinine (tubular stress test) had an exponential
the subcutaneous injection of [125I]-iothalamate for GFR decrease (discussed later in this article). After 15 min-
determinations, forearm veins were cannulated, and utes, the fall of PCr became almost linear, and for clear-
three 30-minute baseline clearance periods were done ances in urinary collection periods A, B, and C, the
(unstimulated, preload). Then a single dose of 88.4 mmol averaged PCr (a-PCr), as well as the exponential expression
of creatinine per kg body weight in 100 mL of 5% dex- (e-PCr), were calculated as follows:
trose and water was given intravenously in 10 minutes. a-PCr 5 (PCr i 1 PCr f)/2,Urinary collections were done first, from time 0 (end of
e-PCr 5 exp [(ln PCr i 1 ln PCr f)/2]the infusion) to 15 minutes, and then three successive
30-minute clearance periods (stimulated, postload) were where i represents the initial concentration and f the
done. The initial urinary collection (0 to 15 minutes) was final concentration of the corresponding period.
used only for the determination of creatinine excretion The amount excreted of a given exogenous creatinine
rates in calculations of the percentage of a creatinine load was estimated subtracting the baseline (preload)
load excreted. Clearance calculations were not done in UCrV from the postload stimulated UCrV. Comparisons
this period because of the steep exponential decrease of between experimental groups were done expressing the
individual results as percentage excretion of the adminis-the PCr (discussed later in this article). After the initial
tered creatinine (stimulated UCrV 2 baseline UCrV) 315 minutes, the PCr concentration decreased slowly in an
100/creatinine load).almost linear manner (discussed later in this article).
Calculations of GFR, CCr, UCrV, and TSCr were done in Reproducibility30-minute clearance periods: 15- to 45-minute postload
Reproducibility of the tubular stress test was evaluated(period A), 45- to 75-minute postload (period B), and
in nine subjects (3 normals, 3 donors, and 3 transplant75- to 105-minute postload (period C).
patients) that were tested three to four times duringSince the stimulation of TSCr was significantly higher
intervals of two to six weeks. Coefficient of variationin period A than in the rest, comparisons between experi-
(SD 3 100/mean) was calculated for the TSCr in periodmental groups were done separately in period A, as well
A and the mean of the poststimulation periods as wellas using mean values of all three postload periods (A 1
as for the percentage excreted of the creatinine load inB 1 C/3).
60 minutes.
The percentage of the excreted exogenous creatinine
load given was estimated in samples of urine collections Statistical analysis
representing the initial 60 minutes, as well as the com- Statistical analyses were done using a commercial statis-
plete stimulated (postload) collections. tical package (Instat R). Analysis of variance (ANOVA)
tests were followed by Tukey–Kramer post-tests and, in
Chemical determinations the case of serial repeated measurements, by Dunnet’s
Inulin determinations were done by conventional multiple comparison tests. The fall in PCr concentrations
methods [14]. 125I radioactivity in plasma and urine was found after the intravenous bolus injection of creatinine
counted with a gamma counter (LKB 1282 Compu- in the stress was analyzed with linear regression as well
gamma). Creatinine determinations in serum and urine as with one-phase exponential decay regression. The
value or R2 in both analyses after the initial 15 minuteswere done by autoanalyzer methodology (Express Ultra
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Table 1. Baseline data in the experimental groups
Kidney Transplant
Normals donors patients
(N 5 14) (N 5 7) (N 5 11)
Age years 32.869.23 33.568.37 38.7610.26
Blood pressure mm Hg
Systolic 127.2613.2 130.4612.9 146.1617.2a
Diastolic 71.469.92 75.766.95 83.466.33a
PCr lmol/L 87.8611.22 94.669.82 102.5621.7
range 70.7–106.1 79.6–106.1 61.9–128.1
GFR mL/min/1.73 m2 99.7619.52 67.3630.43b 69.5617.9b
CCr mL/min/1.73 m2 117.5614.1 92.8616.62a 92.2626.4a
UCrV nmol/kg/min 136.4618.13 127.8628.22 150.0659.67
TSCr nmol/kg/min 32.9617.56 48.6620.65 65.5647.38
TSCr/PCr mL/min/1.73 m2 29.5615.42 38.5619.25 48.0639.93
TSCr/GFR
nmol/mL GFR 26.5615.66 85.9670.56 64.9649.42
Data shown are mean 6 SD of three 30-minute clearances done before stimula-
Fig. 1. The urinary creatinine to serum creatinine ratio (UCr /PCr) in thetion with a test creatinine load. Abbreviations are: PCr, serum creatinine; GFR,
studies in which a loading dose of creatinine was followed by intravenousglomerular filtration rate; CCr, creatine clearance; UCrV, urinary excretion of
administration at a constant rate for two hours. Data were collectedcreatinine; TSCr, tubular secretion of creatine.
aP , 0.05 after 30 minutes of equilibration, and two or three clearance periods
bP , 0.01 were done in each subject. Each value represents one clearance period
and each sign a different individual (normals, black symbols; transplant
patients, red symbols; kidney donor, blue symbol). The baseline values
of the normal subjects are shown as mean 6 SD. Maximal UCr /PCr ratios
are observed with PCr values between 500 and 700 mmol/L.was compared with Wilcoxon matched-pairs signed rank
test. Mean values 6 SD are used throughout this article.
Two-tailed P values , 0.05 were considered significant.
RESULTS
Creatinine infusion studies
The general baseline data in the individuals in this
study are shown in Table 1. There were no significant
differences in age, PCr, urinary creatinine excretion, or
TSCr. Blood pressure was higher (P , 0.05) in the trans-
plant recipients, and GFR and creatinine clearance are
lower in the patients with one kidney (KDs and trans-
plant recipients). The contribution of tubular secretion
to the clearance of creatinine (TSCr/PCr) was relatively
higher in the KDs (38.5 6 19.25) and in renal transplant
recipients (48.0 6 39.93) than in normal individuals
(29.5 6 15.42), but the variability was high (P . 0.05).
Creatinine infusion studies permitted an evaluation of Fig. 2. Relationship between creatinine clearance (CCr) and glomerular
filtration rate (GFR) in the same studies shown in Figure 1. Each valuethe UCr/PCr ratios and the CCr/GFR ratios in a wide range
represents one clearance period and each sign a different individual:of PCr concentrations (70.7 to 2740 mmol/L). As shown normals in black, transplant patients in red, and a kidney donor (KD)
in Figures 1 and 2, UCr/PCr ratios and CCr/GFR ratios in blue. CCr /GFR ratios increase as the serum creatinine (PCr) increases
to 500 and 700 mmol/L. Further increments in PCr are not associatedincrease as the PCr raises to 500 to 700 mmol/L. In this
with higher ratios.range of PCr, the CCr/GFR ratios are 1.72 6 0.14 (95%
confidence limits from 1.64 to 1.80), and no further incre-
ment was observed at higher levels of PCr.
The clearance of creatinine by tubular secretion during
Tubular stress testconstant rates of creatinine administration is shown in
The tubular stress consisted in administration ofFigure 3. The transplant patients had significantly lower
88.4 mmol of creatinine per kg body weight dissolved inTSCr/PCr ratios than normal individuals during the 120
5% dextrose and water to a total volume of 100 mLminutes of creatinine administration. In addition, Figure
given intravenously in 10 minutes. This dose produced3 shows that the clearance of creatinine by tubular secre-
at the end of the loading infusion PCr concentrationstion (mL/min/1.73 m2) decreased in normals from 85.0 6
between 500 and 700 mmol/L (time 0; Table 2); these18.95 (30 to 60 min) to 66.8 6 12.76 (60 to 90 min, P ,
0.01) and to 61.0 6 14.69 (90 to 120 min, P , 0.001). levels correspond to those resulting in maximal CCr/GFR,
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UCr/PCr, and TSCr/PCr ratios shown in Figure 1. The incre-
ment in PCr observed at time 0 indicates a volume of
distribution of the loading dose of approximately 17%
of the total body weight (normals 5 17.5 6 4.5%, KDs 5
16.0 6 5.3, renal transplant recipients 5 17.2 6 7.1%).
After the bolus injection of creatinine, there was a rapid
exponential decrease in PCr during the initial 15 minutes,
and thereafter, and the rate of fall decreased thereafter
to become almost linear. Regression analysis of the fall
of PCr was done with the values found after the initial
15 minutes because calculations involving PCr were done
after this time. The R2 coefficient using linear regressions
were lower than the R2 coefficient using one-phase expo-
nential decays in normals (linear 5 0.873 6 0.229, exp 5
0.996 6 0.004, P , 0.001), KDs (linear 5 0.883 6 0.049,
exp 5 0.993 6 0.006), and transplant patients (linear 5
0.905 6 0.074, exp 5 0.982 6 0.022, P , 0.01). Values
of PCr bracketing the urinary collections were averaged
(a-PCr; Methods section) as well as transformed to the
exponential expression (e-PCr; Methods section). The er- Fig. 3. Contribution of tubular secretion to the creatinine clearance in
the constant infusion studies. Transplant patients (j, N 5 5) are unableror introduced by using the a-PCr in the CCr and TSCr
to raise the tubular secreation of creatinine (TSCr) in relationship tocalculations, instead of using the e-PCr, was estimated by the PCr to the levels found in normal individuals (h, N 5 12) as the PCr
the ratio of a-PCr/e-PCr. Results were as follows: period is raised with constant creatinine infusions. The TSCr /PCr ratios decrease
with time. Values are mean 6 SD. *P , 0.05; **P , 0.01; ***P ,A 5 1.02 6 0.01 (range 1.00 to 1.030), period B 5 1.01 6
0.001.0.004 (range 1.00 to 1.030), and period C 5 1.00 6 0.014
(range 1.00 to 1.040). Therefore, a-PCr values were used.
Figure 4 shows the reduction of PCr during 105 minutes
after the intravenous creatinine load, expressed as a per- changes in GFR, CCr, UCrV, and TSCr induced by the
centage of time 0 levels. Renal transplant patients dem- tubular stress test in period A are examined in Table 3.
onstrated a diminished rate of return of PCr to normal As shown, GFR was stable, and increments in CCr, UCrV,
levels, while the performance of the solitary healthy kid- and TSCr were significantly more pronounced in normal
ney of the transplant donors was in between the two individuals.
kidneys of normal individuals and the transplanted kidney. There was no correlation between baseline GFR and
Serial determinations of GFR, CCr, and TSCr in the tubu- the TSCr values obtained with the tubular stress test.
lar stress test are shown in Figures 5 and 6, respectively. Normal individuals excreted 23.5 6 5.76% of the cre-
Table 2 shows the stimulated data after the creatinine atinine load in 60 minutes and 33.0 6 8.05% in 120
load in the tubular stress test. Normal individuals have minutes. The KDs excreted 19.9 6 4.15 and 28.5 6
a higher stimulated CCr, UCrV, than the solitary kidney 8.16%, and the renal transplant patients excreted 4.8 6
of the donors and the transplanted kidneys. TSCr ob- 5.05 and 21.49 6 7.69% at the corresponding time inter-
tained 15 to 105 minutes after the creatinine load was vals (Fig. 7).
lower in the transplant patients than in KDs (P , 0.05), Reproducibility studies gave a coefficient of variation
even though these groups of patients had similar GFR of 13.6 6 3.9% for the TSCr in period A, 14.2 6 2.9%
(Table 1). In KDs, there was no apparent relationship for the mean TSCr in periods A, B, and C. The coefficient
between the interval of time after nephrectomy and the of variation of the percentage excreted of the creatinine
TSCr after stimulation. Transplant patients who were re- load in 60 minutes was 19.5 6 8.3%.
ceiving cyclosporine A (N 5 4) as part of their immuno-
suppressive treatment had lower TSCr in period A (107 6
DISCUSSION21.3 nmol/kg/min) as well as in the three poststimulation
periods (77.8 6 23.1 nmol/kg/min) than the transplant In the natural history of chronic renal damage, the pro-
gressive loss of functioning mass is associated with in-patients who were not receiving this drug (N 5 7, period
A 5 126.4 6 60 nmol/kg/min; mean post 5 90.3 6 creased metabolic demands on the remnant nephron
population.41.4 nmol/kg/min). However, these differences were not
statistically significant. If individually healthy, these remaining nephrons are
capable of responding with compensatory increments inWhen TSCr was related to GFR (TSCr/GFR), there
were no significant differences between the groups. The function, which are initially sufficient to maintain homeo-
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Table 2. Post-stimulation data in the tubular stress test
P values
Transplant Normal vs.
Normals Kidney donors patients Donors vs.
(N 5 14) (N 5 7) (N 5 11) donor renal Tx Tx renal
PCr lmol/L
At time 0 612.96161.5 647.16235.3 577.96203.1 NS NS NS
Period A 273.1658.1 256.3639.9 276.4654.9 NS NS NS
Mean post 223.7646.61 221.4630.6 236.9642.3 NS NS NS
GFR mL/min/1.73 m2
Period A 91.9621.2 61.5632.3 68.9616.8 ,0.05 ,0.05 NS
Mean post 89.9621.5 59.7633.1 66.6615.1 ,0.05 ,0.05 NS
CCr mL/min/1.73 m2
Period A 151.5619.7 119.4616.5 97.5627.56 ,0.05 ,0.001 ,0.05
Mean post 134.4612.48 104.5616.31 89.2618.3 ,0.001 ,0.001 NS
UCrV nmol/kg/min
Period A 585.26128.4 443.36112.1 371.8699.0 ,0.05 ,0.001 NS
Mean post 426.1681.8 338.6672.1 311.3665.6 ,0.05 ,0.01 NS
TSCr nmol/kg/min
Period A 288.36109.2 231.7677.8 119.3648.9 NS ,0.001 NS
Mean post 180.2659.8 155.4653.5 85.7635.1 NS ,0.001 ,0.05
TSCr/PCr mL/min/1.73 m2
Period A 73.3615.42 67.8627.72 31.3616.53 NS ,0.001 ,0.01
Mean Post 56.5611.90 52.1620.28 25.9613.14 NS ,0.001 ,0.01
TSCr/GFR nmol/mL GFR
Period A 224.26113.1 222.86169.9 123.0658.1 NS NS NS
Mean Post 147.3674.14 187.16119.4 94.2639.9 NS NS NS
Post-stimulation data were collected in three periods: 15–45 minutes (Period A); and 45–75 minutes and 75–105 minutes after administration of 88.4 mmol of
creatinine per kg body weight. Data are listed as mean post-represents the mean of the 3 periods. Values are mean 6 SD. Abbreviations are in the legend to Table 1.
able research has been done to define the characteristics
of the renal vasodilation induced by oral or intravenous
protein challenges [reviewed in 18].
In population studies, there is, in fact, an inverse rela-
tionship between resting GFR and stimulated GFR [11],
but there is a large variability of the normal values.
Moreover, the GFR may not change and even decrease
after a protein load [2, 5, 11, 18]; therefore, testing GFR
after a protein challenge is of limited practical use. Fur-
thermore, the attractive postulate that hyperfiltering
remnant nephrons would have a reduced reserve filtra-
tion capacity is untenable in the light of the findings that
solitary kidneys of KDs [3–5], and patients with advanced
renal failure [6, 7, 19] have normal increments in CInFig. 4. Percent decrease of PCr after the bolus administration of 88.4 after a protein meal.mmol creatinine per kg. Time 0 indicates the end of the bolus administra-
tion (100%). Normals (h, N 5 14), kidney donors (KD; s, N 5 7), Because of the increasing evidence that tubulointersti-
transplant patients (j, N 5 11). *P , 0.05 vs. normals. tial damage has a protagonic role in the natural history
of progressive renal insufficiency [20–22], we chose to
test the concept of a functional reserve capacity of the
renal tubule. Since a meat meal is known to stimulatestasis at the expense of a reduced reserve capacity. At a
creatinine secretion [9], a diminished tubular secretorylater stage, with further reductions in nephron numbers,
response would explain why, for instance, solitary kid-nitrogen retention occurs and a new steady state is
neys showed normal increment in CIn [3, 4] despite areached at a higher level of azotemia.
lower than normal postprandial CCr [23]. In fact, ourBosch et al defined the renal functional reserve as the
previous studies showed that patients with advanced re-increment in GFR observed after a protein meal [1, 15],
nal disease and azotemia had impaired TSCr after a meata physiologic response known for almost 70 years [16].
meal [8].Implicit in this concept is the postulate that loss of a
Nevertheless, the validation of the concept of a tubularputative reserve capacity is an early event the natural
history of renal disease [17]. Not surprisingly, consider- reserve and the potential usefulness of test derived from
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Fig. 6. TSCr in the tubular stress test. Normals (h, N 5 14), KDs (s),
and transplant patients (j, N 5 11). (a) P , 0.001 vs. normals and
P , 0,05 vs. KDs. (b and c) P , 0.01 vs. normals and P , 0.05 vs.
KDs). Data shown are mean 6 SD.
GFRs, the TSCr (nmol/mL GFR) was lower in normal
individuals (26.5 6 15.66) than in KDs (85.9 6 70.56) and
transplant patients (64.9 6 49.42). These results indicate
that in baseline conditions, the relative contribution of
the TSCr to creatinine clearance is higher in remnant
nephrons than in nephrons with their numbers intact, in
agreement with the observation that in chronic renal
failure, the CCr/GFR ratios are increased [25–28].
Infusion studies demonstrated maximal UCr/PCr and
CCr/GFR ratios when PCr levels were between 500 and
700 mmol/L. The observed CCr/GFR ratios at these PCr
Fig. 5. GFR (A) and CCr (B) in normals (h, N 5 14), KDs (s, N 5 levels (1.72 6 0.14, Fig. 1) are higher that the values of
7), and transplant patients (j, N 5 11) during the tubular stress test. about 1.4 to 1.45, reported by Shanon in studies that
Values are mean 6 SD. raised the PCr to levels of about 884 mmol/L (10 mg/dL)
[29]. As shown in Figure 1, raising the PCr at levels higher
than 700 mmol/L did not increase the CCr/GFR ratio, and
in fact, this ratio may even decrease, as this ratio didit depend on the demonstration of partial exhaustion of
in Shanon’s work at higher concentrations of PCr [29].this reserve in nonazotemic patients with renal disease
Therefore, loading doses in the tubular stress test wereand, to a lesser extent, in solitary normal kidneys. While
targeted to obtain PCr levels of 500 to 700 mmol/L. Theserenal biopsy assessment of the extension of histologic
serum levels were in fact obtained with a loading dosedamage in this study would be ethically unjustified, there
of 88.4 mmol/kg body weight, given intravenously in 10are reasonable assumptions concerning the groups of
minutes. The changes in PCr after this creatinine bolusindividuals chosen for the study. KDs are assumed to are consistent with a volume of distribution of 16 to 17%
have a normal solitary kidney, even though they are of the body weight; therefore, the creatinine given in the
prone to arterial hypertension and proteinuria [24] and tubular stress test is distributed in a volume at least
transplanted kidneys in patients with normal PCr are as- equivalent to the extracellular fluid.
sumed, nevertheless, to have a local inflammatory reac- The contribution of tubular secretion to the clearance
tion kept in check under a clinical threshold by adequate of creatinine decreased with time in studies with constant
immunosuppression. intravenous creatinine administration (Fig. 3). Reduc-
In the baseline studies, normals, KDs, and transplanted tions in the CCr/CIn ratios have been reported by Shanon
patients had comparable PCr and UCrV despite an expected when PCr levels are raised [29], a finding consistent with a
lower GFR in the solitary kidney of transplant donors and Tm for creatinine, as discussed first by Smith [reviewed
in 30].transplant recipients (Table 1). Relative to their respective
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Table 3. Changes induced by the tubular stress test
Transplant
Normals Kidney patients
Post/pre (N 5 14) donors (N 5 7) (N 5 11)
GFR 0.9260.08 0.9060.09 1.0060.11
CCr 1.3060.16 1.2460.08 1.0860.24a
UCrV 4.3461.03 3.3460.84 2.5660.66c
TSCr 11.366.24 4.3561.23b 2.5161.34c
Data are mean 6 SD. Abbreviations are in Table 1.
a P , 0.05, b P , 0.01, c P , 0.001
The possibility of suppressing TSCr/PCr ratios due to
prolonged intravenous creatinine administration, as well
Fig. 7. Percent excreted of the creatinine load in normals (h, N 5 14),as the need for simplicity in a clinically applicable test,
KDs ( , N 5 7), and transplant patients (j, N 5 11). Error barsmade us use a single bolus of creatinine in the tubular indicate SD. ***P , 0.001; **P , 0.01.
stress test.
We chose to determine the GFR in the tubular stress
test by a single subcutaneous administration of [125I]-
2, KDs and transplanted patients excrete less creatinineiothalamate, because it is a standard method that is sim-
after the challenging dose. In agreement with these find-ple, accurate to measure in central laboratories, and suit-
ings, the postload PCr levels are reduced toward baselineable for clinical use [13]. We favored the use epinephrine
values faster in the normal individuals (Fig. 4).in conjunction with the subcutaneous IOT-I125 because
The TSCr resulting from the tubular stress test is de-serum cpm counts are stable when epinephrine is used,
creased in the transplanted kidney. Furthermore, asinstead of showing an exponential decrease when epi-
shown in Table 2, the transplanted kidney has lowernephrine is not used [12, 13].
The potential drawback for the use of epinephrine is mean poststimulated TSCr than the presumably normal,
solitary kidney of the donors who, nevertheless, had simi-a possible effect on renal hemodynamics, but such effect,
if present, does not appear to result in significant GFR lar GFR (67.3 6 30.4 mL/min in transplant kidneys and
69.5 6 17.9 mL/min in the remaining kidney in donors;changes during the tubular stress test (Fig. 5A). Concom-
itant evaluation of renal blood flow with PAH was pre- Table 1). These findings indicate that the tubular stress
test is a more sensitive index of renal functional impair-cluded because tubular secretion of this substance com-
petes with the TSCr. It may be argued that epinephrine ment than increments in PCr and reduction in GFR.
When the TSCr is related to functioning nephron unitscould be preventing an increase in GFR that otherwise
would occur after the intravenous creatinine bolus. Even (TSCr/GFR), the results indicate that normal individuals
with two kidneys and normal individuals with one kidneyif such were the case, the differences observed between
the experimental groups would still be valid. (KDs) have similar values (Table 2). Since in baseline
conditions normal individuals secrete less creatinine perThe decrease of the PCr concentrations following the
intravenous bolus of creatinine in the tubular stress test unit of GFR (Table 1), they hold a larger, unused reserve
capacity. Consistent with this interpretation is the findinghas an exponential pattern. This exponential decay is
marked in the first 15 minutes. During the period of time that normal individuals are capable of increasing 11 times
their TSCr after the tubular stress test, a response nearlyelapsed from 15 to 105 minutes, the fall in PCr is also
exponential, since a better fit (P , 0.01) is obtained with three times larger than that found in solitary normal
kidneys and almost five times larger than in transplanteda one-phase exponential decay analysis than with linear
regression analysis. However, the calculation of the ra- kidneys.
During the study, care was taken to avoid the use oftios of the a-PCr/e-PCr during periods A, B, and C of
the tubular stress test indicates that the discrepancies drugs that are known to interfere with the TSCr. Diuretics
and calcium blockers were temporarily stopped becausebetween the a-PCr and e-PCr are #4% in all instances
after the initial 15 minutes. Consequently, a-PCr values of their potential effects on creatinine secretion [10]. The
immunosuppressive therapy of the transplant patientswere used in the CCr and TSCr calculations during the
poststimulation periods of the tubular stress test. was prednisone, azathioprine or mofetil mycophenolate
and cyclosporine A in standard doses. To our knowledge,The tubular stress test did not result in changes in
GFR while it increased the CCr significantly (Fig. 5A and a direct modification of creatinine secretion by these
drugs has not been described; nevertheless, this possibil-7B). The creatinine bolus established differences in the
response in the experimental groups. As shown in Table ity cannot be excluded. Cyclosporine treatment, which
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of creatinine in health and in conditions associated with reducedhas a known nephrotoxicity, could impair the tubular
nephron mass: Evidence for a tubular functional reserve. Nephrol
capacity to increase the secretion of creatinine. In fact, Dial Transplant 13:623–629, 1998
9. Jacobsen FK, Christensen CK, Mogensen CL, et al: Evaluationthe patients treated with cyclosporine had a lower TSCr
of kidney function after meals. Lancet 1:319, 1980response to the tubular stress test. However, the differ-
10. Modification of Diet in Renal Disease Study Group: Effects
ences observed in relationship with the transplanted pa- of diet and antihypertensive therapy on creatinine clearance and
serum creatinine concentration in the Modification of Diet in Renaltients who were not receiving this drug were not statisti-
Disease Study. J Am Soc Nephrol 7:556–565, 1996cally significant.
11. Molina E, Herrera J, Rodrı´guez-Iturbe B: The renal functional
In summary, we present data indicating that the maxi- reserve in health and disease in school age children. Kidney Int
34:809–816, 1988mal CCr/GFR ratios are obtained when the PCr concentra-
12. Ott NT, Wilson DM: A simple technique for estimating glomeru-tion reaches 500 to 700 mmol/L. We propose a simple
lar filtration rate with subcutaneous injection of [125I]-iothalamate.
test designed to stimulate creatinine secretion, which Mayo Clin Proc 50:664–668, 1975
13. Levey AS, Greene T, Schluchter MD, et al: Glomerular filtrationallows discrimination between normals and individuals
rate measurements in clinical trials. J Am Soc Nephrol 4:1159–1171,with reduced kidney mass who have normal PCr levels. 1993
Moreover, a reduced tubular secretory response to the 14. Walser M, Davidson D, Orloff J: The renal clearance of alkali
stable inulin. J Clin Invest 34:1520–1523, 1955tubular stress test may be a more sensitive index of renal
15. Bosch JP, Lewis S, Glabman S, et al: Renal hemodynamic changesfunctional impairment than the GFR. Since the tubular in humans: Response to protein loading in normal and diseased
stress test has an acceptable coefficient of variation in kidneys. Am J Med 81:809–815, 1986
16. Shanon JA, Jolliffe N, Smith HW: The excretion of urine in thethe same individual, further studies are warranted to
dog. IV. The effect of maintenance, diet, feeding, etc., upon the
define whether the it will add insight to the natural his- quantity of the glomerular filtrate. Am J Physiol 101:625–638, 1932
17. Rodrı´guez-Iturbe B: The renal response to an acute protein loadtory of renal disease and help in the evaluation of thera-
in man: Clinical perspective. Nephrol Dial Transplant 5:1–9, 1990peutic intervention.
18. De Santo NG, Capasso G: Renal reserve. Semin Nephrol 15:373–
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